Abstract Avian influenza virus subtype H9N2 has been circulating in the Middle East since the 1990s. For uncertain reasons, H9N2 was not detected in Egyptian farms until the end of 2010. Circulation of H9N2 viruses in Egyptian poultry in the presence of the enzootic highly pathogenic H5N1 subtype adds a huge risk factor to the Egyptian poultry industry. In this study, 22 H9N2 viruses collected from 2011 to 2013 in Egypt were isolated and sequenced. The genomic signatures and protein sequences of these isolates were analyzed. Multiple mammalian-hostassociated mutations were detected that favor transmission from avian to mammalian hosts. Other mutations related to virulence were also identified. Phylogenetic data showed that Egyptian H9N2 viruses were closely related to viruses isolated from neighboring Middle Eastern countries, and their HA gene resembled those of viruses of the G1-like lineage. No reassortment was detected with H5N1 subtypes. Serological analysis of H9N2 virus revealed antigenic conservation among Egyptian isolates. Accordingly, continuous surveillance that results in genetic and antigenic characterization of H9N2 in Egypt is warranted.
Introduction
Avian influenza A H9N2 viruses were first isolated from turkeys in the United States in 1966 [26] . Since then, H9N2 viruses have been mainly detected in wild birds and turkeys. During the last two decades, H9N2 was detected in wild and domestic birds, pigs, and humans [6] . These viruses were also geographically widespread and found in North America, Eurasia, and Africa. H9N2 viruses are now enzootic in poultry of some Middle Eastern countries such as Israel and Iran [5, 17] .
Poultry infected with H9N2 show no clinical illness or suffer mild respiratory signs and a drop in egg production unless the infection is complicated with other pathogens [40] .
Based on previous genetic studies, two major lineages of H9N2 viruses circulated in poultry and wild birds; North American and Eurasian [21, 57] . The Eurasian lineage is subdivided into two major sub-lineages: A/quail/ Hong Kong/G1/97-like (G1-like) and A/duck/Hong Kong/ Y280/97-like (Y280-like) [61] . Based on evolutionary dynamics of complete genome sequences of H9N2 viruses circulating in nine Middle Eastern and Central-Asian countries from 1998 to 2010, H9N2 viruses were further divided into four distinct and co-circulating groups (A, B, C, and D). Each of these groups underwent widespread inter-and intra-subtype re-assortments, leading to the generation of viruses with unknown biological properties [15] . Groups A and B have circulated extensively in Middle Eastern countries and have been identified from 1999 to the present day. Previous H9N2 evolution studies suggested that the major source for the Middle Eastern H9N2 viruses is Eastern Asia but that evolution within countries and regions played an important role in shaping viral genetic diversity [5, 15] .
H9N2 viruses are capable of infecting humans and have played a role in the genetic evolution of other avian influenza viruses that infect humans.
Previous sero-epidemiological studies showed that the prevalence of human H9N2 infection is higher than the number of confirmed cases reported [6, 20, 43, 50] . Throughout the viral genomes of H9N2 viruses, several apparent mutations associated with the adaptation of viruses to mammalian hosts were noted [46] . Importantly, a leucine substitution at amino acid position 226 in the HA receptor-binding site was found to be important for the transmission of H9N2 viruses in mammals [54] . Recent studies have shown that H9N2 viruses may have contributed to the genetic and geographic diversity of H5N1 viruses [19, 34] . H9N2 donated the internal genes to the currently circulating H5N1 and H7N9 viruses [18, 35] . Inter-subtype reassortment between co-circulating H9N2 virus and highly pathogenic H5N1 or H7N3 virus has been detected in China and Pakistan [19, 28] .
H9N2 was recently detected in Egypt, a country where H5N1 viruses are enzootic [14, 38] . Co-circulation of H9N2 with H5N1 in susceptible host populations can increase the likelihood of generating novel reassortant viruses with public health implications. Previous studies of a few Egyptian H9N2 viruses showed that these viruses were G1-like and were closely related to H9N2 viruses from other Middle Eastern countries, especially Israel [2, 38] . In this study, the genetic and antigenic characteristics of H9N2 viruses that circulated in Egypt between 2011 and 2013 were examined. The evolutionary dynamics of these viruses were also studied.
Materials and methods

Virus isolation and propagation
Cloacal and oropharyngeal swabs were collected as part of an ongoing long-term surveillance of avian influenza in Egyptian poultry [33] . Viral RNA was extracted from 140 lL of each sample collected using a QIAamp viral RNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. To detect influenza A virus, extracted RNA was subjected to RT-PCR to amplify 244 bp of the M segment of influenza A viruses according to a WHO protocol [59] . Samples that were positive for the M segment were then subjected to additional RT-PCR to determine the HA and NA subtypes [58] . One hundred microliters of each sample that was positive for influenza A virus by RT-PCR was used to inoculate 10-day-old specific-pathogen-free embryonated chicken eggs (SPF Eggs Production Farm, Egypt), which were incubated for 48 h at 37°C and then chilled at 4°C for 4 h before harvesting.
The allantoic fluid was harvested, clarified, tested for hemagglutination, and then stored at -80°C until use. H9N2 isolates (n = 22) collected from poultry flocks between December 2011 and April 2013 were included in this study (Table S1 ).
Amplification of the full genome and sequencing Viral RNA was extracted from harvested allantoic fluid using a QIAamp Viral Mini Kit. The first-strand cDNA was synthesized using Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) and Uni-12 primer (5'AG-CRAAAGCAGG3') as per the manufacturer's protocol. Using a PhusionMaster Mix kit (New England Biolabs, Ipswich, MA), the full genomes of the isolates were amplified using universal primers [24] . Briefly, using genespecific primers, 2 lL of each RT reaction was subjected to PCR with an initial denaturation step (98°C, 30 s), 40 cycles of 98°C for 10 s, 57°C for 30 s, and 72°C for 2 min, and a final elongation step (72°C, 10 min). Amplicons of the appropriate sizes were subsequently gel purified using a QIAquick Gel Extraction Kit (QIAGEN). The purified PCR products were used directly for sequencing reactions using a BigDyeR Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to manufacturer's instructions and were further amplified for 26 cycles at 95°C for 30 s, 50°C for 15 s, and 60°C for 4 min. The reaction product was purified by exclusion chromatography in CentriSep columns (Princeton Separations, Adelphia, NJ). The recovered materials were sequenced using a 96-capillary 3730xl DNA Analyzer (Applied Biosystems). Sequences were assembled using SeqMan DNA Lasergene 7 software (DNASTAR, Madison, WI, USA). The GenBank accession numbers for the submitted sequences are listed in Table S1 .
Sequence analysis and phylogenetic tree construction MegAlign (DNASTAR) and BioEdit 7.0 were used for multiple sequence alignment [23] . Percent identity matrices comparing the genes under study to each other were obtained. MEGA 5.0 was used for phylogenetic tree construction of all eight gene segments by applying the neighbor-joining method with Kimura's two-parameter distance model and 1000 bootstrap replicates [48] . The trees included all Egyptian H9N2 virus sequences available in the GenBank database, closely related H9N2 viruses from other Middle Eastern countries, representative viruses from the groups A-D [15] , major ancestral H9N2 strains, and other influenza virus subtypes with closely related H9N2 genes, as shown by a BLAST search. The BioEdit program version 7.0 was used for genomic signature analysis.
Hemagglutination inhibition assay
A hemagglutination inhibition (HI) assay using monoclonal and polyclonal antibodies with 0.5 % chicken RBCs was used for antigenic characterization of 17 H9N2 isolates [58] . A panel of anti-H9 monoclonal antibodies (mAbs) prepared against different antigenic epitopes of A/chicken/Hong Kong/G9/97(G9-25) (G9), A/quail/Hong Kong/G1/97(G1-26), A/Hong Kong/1073/99 (1073-9), and A/duck/Hong Kong/Y280/97 (18G4.B11.F9) was used. Polyclonal antibodies against three H9N2 viruses were also used (rat anti-A/chicken/Egypt/S4456B/2011, ferret anti-A/quail/D1556/UAE/2011, and chicken anti-A/quail/ 272/Lebanon/2010). The HI assay was performed at a starting dilution of 1:100 for the mAbs and 1:10 for polyclonal antibodies. HI data were then used to construct antigenic cartography using the integrative matrix completion multi-dimensional scaling (MC-MDS) method as described previously [7, 8] .
Measurement of selection pressure
The number of base and amino acid substitutions per site was analyzed using the Kimura 2-parameter model and the Poisson correction model, respectively, by MEGA 5.0. All positions containing gaps and missing data were eliminated. To determine the selection pressure for each gene segment, the 22 whole genome sequences were analyzed by estimating the ratio of non-synonymous (dN) to synonymous (dS) substitutions (x = dN/dS) across the lineages on a codon-by-codon basis. Selective pressure was defined as follows: x = 1 indicates neutral evolution, x \ 1 indicates negative or purifying selective pressure, and x [ 1 indicates positive selection. The mean values of x were calculated by the single-likelihood ancestor counting method (SLAC) using the Data Monkey website (http://www.data-monkey.org) [13] .
Results
During our active surveillance of domestic poultry in Egypt, 10 % of [11,000 samples were positive for influenza A viruses. Subtyping of positive samples indicated the circulation of H5N1 and H9N2 viruses. These subtypes also co-infected the same host in 5-50 % of the positive samples, depending on the month of detection [16] . The 22 Egyptian H9N2 viruses were isolated from sick and healthy broiler chickens in Egypt between December 2011 and April 2013. The details of isolation area, health status of the host, date of isolation, and GenBank accession numbers of these isolates are provided in Table S1 .
Molecular characterization and phylogenetic analysis of the eight viral segments
PB2
The nucleotide and deduced amino acid sequence similarities among Egyptian strains ranged from 96.5 to 99.9 % and 95.9 to 99.7 %, respectively. The PB2 genes of Egyptian isolates showed higher similarity to those of A/duck/Altai/1285/1991(H5N3) and A/duck/Mongolia/47/ 2001(H7N1) (92 %) than to those of other ancestral H9N2 viruses such as G1 (85 %) and Y280 (82 %). All Egyptian isolates clustered in group A with isolates from Israel, Saudi Arabia, and Jordan (Fig. 1) . Egyptian viruses clustered in two groups: viruses in one group had amino acids V and H at positions 176 and 357, while viruses of the second group had I and Q at these positions.
Except for 318R, which was detected in 14 Egyptian viruses, all other PB2 residues that are associated with host specificity were avian-like ( Table 1) . Substitution of E to K and D to N at position 627 and 701, respectively, was associated with virulence and virus transmission in mammals [55, 63] . These were not found in Egyptian strains that displayed V and D at positions 627 and 701, respectively, as shown in Table 2 . The I504V substitution is associated with enhanced activity of the polymerase complex [44] , and this substitution was observed in all isolates. All Egyptian strains had the mutations 355M and 453T, which were not previously described (Fig. 2 ).
PB1
The percentage of similarity among Egyptian nucleotide sequences ranged from 96.3 to 100 %. PB1-F2 is encoded by an open reading frame overlapping PB1 and is an important determinant of influenza virus virulence [10] . Egyptian isolates showed two variants of this protein that differed in length: 52 residues (2 isolates; A/chicken/ Egypt/D7436C/2013 and A/chicken/Egypt/D7663C/2013) or 90 residues (20 isolates) (Fig. 2) . Previous studies showed that the N66S mutation in the PB1-F2 protein is important for increasing viral pathogenicity [11] . This substitution was present in all of the isolates ( Table 2 ). The mammalian-host-associated substitution L82S was also identified in all of the isolates. In a single H9N2 isolate (A/ chicken/Egypt/F7297B/2013), the mammalian-host-associated substitution T68I was identified (Table 1) .
Egyptian strains differed from the G1 strain in the PB1 protein by several mutations, including P64L, V114I, S152L, E178K, T182I, V200I, K211G, T213N, H253Y, A257T, V302T, R386K, E390M, E398D, G610C, and S633T. Based on site 317, the isolates were classified into Genetic and antigenic evolution of H9N2 2863 
two groups: 86.3 % had I (virulent form) and 13.6 % had M (avirulent form) ( Table 2 ). Phylogenetic analysis showed that Egyptian PB1 genes are related to A/Pekin robin/California/30412/1994(H7N1) rather than to an H9N2 progenitor. Egyptian isolates were closely related to Israeli H9N2 isolates and belonged to group A (Fig. 1) . The clustering among the Egyptian viruses was not related to specific amino acids.
PA
The PA genes of the Egyptian isolates showed nucleotide and deduced amino acid sequence similarities that ranged from 97.4 to 100 % and 97.8 to 100 %, respectively. The deduced PA amino acid sequence did not have any mammalian-hostassociated substitutions at residues previously identified as important for changing host range from avian to human (Table 1) . A previously undescribed mutation (S186) was found in all Egyptian isolates. Amino acid substitutions V127, L672, and L550, which are associated with virulence, were observed in all Egyptian H9N2 isolates (Table 2) [9, 44] . Phylogenetic analysis showed that the Egyptian isolates belonged to the Y439 lineage and clustered with isolates from Israel, Saudi Arabia, and Jordan in group A (Fig. 1) . Analysis of the PA gene showed that all Egyptian isolates possessed previously recognized ribosomal frameshifting responsible for viral protein PA-X (Fig. 2) . Two viruses, A/chicken/Egypt/S4454E/2011 and A/chicken/Egypt/ S4456B/2011, branched together and had V13, A20, I30, and V308. A cluster of 2013 viruses had V54, I122, and T337.
HA
Analysis of the HA genes showed that the nucleotide and deduced amino acid sequence similarities among Egyptian strains ranged from 95.7 to 99.6 % and 95.5 to 99.6 %, respectively. The tested strains shared nucleotide and deduced amino acid homologies that ranged from 87 to 89.5 % and 91.2 to 89.3 %, respectively, with (G1) and 84.3 to 86 % and 88.5 to 90 %, respectively, with (Y280).
Based on phylogenetic analysis, the Egyptian H9N2 viruses cluster tightly with those of Israeli and Lebanese origin in group B and are related to G1-like viruses. Egyptian viruses can be divided into two groups (B1 and B2), which evolved and co-circulated between 2011 and A/quail/Hong Kong/G1/97
The virulence markers are shown and compared to the distribution of these markers in Egyptian viruses and A/quail/Hong Kong/G1/97 (Fig. 3) . Viruses in group B1 shared amino acids A357 and N428 (H9 numbering), and group B2 viruses had S357 and D428 (H9 numbering). Changes in the HA are critical for determining host range and pathogenicity. The key molecular determinants of pathogenicity and viral transmission in the HA molecule are the HA1/HA2 cleavage site, the receptor binding site (RBS), and the presence or absence of glycosylation sites near the RBS [4] . All of the Egyptian isolates lacked a multibasic cleavage site characteristic of highly pathogenic influenza viruses, suggesting that all of the isolates were of low pathogenicity. The HA1/HA2 cleavage site possessed two cleavage motifs (Table 3) . Two isolates from 2011 exhibited the cleavage site motif KSSR/GLF, and the remaining isolates had the RSSR/GLF motif, which is the signature of low pathogenicity H9N2 viruses isolated from the Middle East and Asia which are well adapted to the chicken host [1, 17, 49] . (Table 3) .
NP
The amino acid sequence identity of the NP of the 22 Egyptian isolates was 95 to 100 %. Phylogenetic analysis showed that all of these genes are closely related to those of Korean-like viruses and cluster with recent Israeli viruses in group A. Clustering within the Egyptian viruses was not related to specific amino acids (Fig. 4) . Sequence analysis showed mammalian-host-associated markers at V33I (two isolates), I109V (one isolate), R214K (21 isolates), K398Q (22 isolates), and D455E (one isolate) ( Table 1) .
NA
The homology between the nucleotide sequences of the NA segment ranged from 94.7 to 99.9 %. The enzyme active site, stalk length, hemadsorbing site, and number of glycosylation sites have a potential role in neuraminidase activity. Longer stalk length of viral NA enhances replication of influenza virus, as concluded previously [37] . Analysis of stalk length revealed that no stalk deletions at (Fig. 2) . The glycosylation site at 402, which was described previously as a characteristic of H9N2 viruses, was not found in the Egyptian isolates [51] . A phylogenetic tree showed that Egyptian viruses clustered together in group B within the G1 sublineage and that the clustering among the Egyptian viruses was not related to specific amino acids (Fig. 3) . Egyptian isolates showed a close relationship to isolates from Israel and Lebanon.
M
The amino acid sequences of the Egyptian M1 (252 amino acid residues) proteins showed 98.8 to 100 % similarity. Similarly, the M2 (97 amino acid residues) proteins had 95.9 to 100 % homology. Alignment of the M2 protein showed the conserved L10 residue, which defines the G1 lineage. None of the Egyptian isolates contained substitutions at amino acid positions 26, 27, 30, 31 or 34, suggesting the absence of resistance to the adamantane class of antiviral drugs. Mammalian transmission markers (G16, V28, and F55 of M2; and I15 of M1) were found in all isolates, and marker A86 was found only in A/chicken/ Egypt/S7404/2013 (Table 1 ). All Egyptian isolates possessed the virulent form of residues at 64 and 69 in the M2 gene (Table 2) .
Phylogenetic analysis showed that all of these genes are closely related to those of G1-like viruses and cluster with recent Israeli viruses in group B. Egyptian viruses evolved into two subgroups, B1 and B2, but clustering within the subgroups was not related to specific amino acids (Fig. 4) .
NS
The nucleotide sequence homology of the NS segments of the Egyptian isolates ranged between 97.1 and 100 %. The amino acid sequences of the NS1 (230 amino acid residues) and NS2 (121 amino acid residues) proteins showed 93.9 to 100 % and 94.2 to 100 % identity, respectively. All isolates had the PDZ (X-S/T-X-V) KSEV C-terminal motif, except one isolate, A/chicken/Egypt/F7297B/2013, which possessed a KPEV sequence. The NS1 protein of all isolates harbored the mammalian-specific E227K substitution (Fig. 2) . Also, all isolates had S and N instead of P and D at position 42 and 189, respectively; this is associated with increased virulence [30] . In addition, Egyptian strains exhibited no substitutions at position 92, which is related to virulence of H5N1 and cytokine resistance when changed to E [45] . F103L and M106I amino acid substitutions, which are known to be genetic determinants of pathogenicity and virulence in both human and avian hosts, were not observed in NS1 [12] .
Phylogenetic analysis of NS genes showed that the Egyptian H9N2 isolates are highly homogenous and cluster together with Israeli isolates in group B, which are closely related to an H7N3 virus isolated from Pakistan in 2004 (Fig. 4) . A cluster of Egyptian 2012 viruses were characterized by L28 and N171 in the NS1 gene.
Selection pressure
In order to determine the evolution rate in Egyptian H9N2 viruses, we conducted selection pressure analysis. The analysis revealed that H9N2 genes in Egypt were under selective pressure, with an x value ranging from 0.109293 (for the M1 gene) to 2.0889 (for the PB1-F2 gene). PB1-F2 and M2 genes seem to be under positive natural selection. The nucleotide sequence diversity of each gene segment was calculated on the basis of Kimura distances, ranging from 0.3 % (for M2) to 2.4 % (for HA). Amino acid divergence in each gene segment ranged from 0.3 % (for M1) to 4.8 % (for NA) ( Table 4) .
Antigenic analysis
HI titers against polyclonal antibodies showed that all Egyptian isolates had the same reactivity pattern. All reacted well with antisera against the Egyptian virus and did internal genes of recently identified H9N2 viruses in the Middle East to other subtypes such as H7N1, H7N3, and H5N1, with identity ranging from 92 to 95 %, than to older H9N2 viruses indicated intra-subtype reassortment among these viruses. Several previous studies showed reassortment between H9N2 viruses and highly pathogenic H7N3 and H5N1 viruses [28, 39, 62] . Although Egyptian H9N2 viruses were isolated from a country where H5N1 is enzootic, no evidence of reassortment was identified. Several human sero-epidemiological studies have provided evidence of H9N2 infection in several countries [41, 43, 50, 60] . It has been reported that H9N2 viruses have acquired receptor-binding characteristics typical of human strains that might increase the potential for reassortment in both human and pig respiratory tracts [54] . The RBS of HA of Egyptian H9N2 viruses had the Q234L substitution, which has been implicated in human-virus-like receptor specificity and is critical for replication and direct transmission of H9N2 viruses in ferrets [27, 53] . L234 changes receptor specificity to mammalian cells, and experimentally, this substitution has been shown to increase replication in human cells in vitro (with 100-fold higher peak titers) [36] ; this substitution was identified in all Egyptian isolates. The combination of H191, E198 and L234, which was typical of early human H3N2 isolates, is observed in Egyptian isolates [47] . Furthermore, various studies have shown that internal viral proteins are important in determining the host range of influenza A viruses [9] . Several distinct molecular markers that are associated with virus transmission and adaptation to mammalian host were identified in Egyptian isolates [3, 38] . H9N2 viruses have acquired many substitutions associated with virulence in mammals. All of the Egyptian isolates have the PDZ domain of ''K/RSEV'' and S42 in NS1, which can increase the virulence of avian influenza virus in mammalian models [30, 42] . Several residues in the PB1, PB2, PA, and M genes associated with virulence of Egyptian H9N2 viruses in mammals were observed.
Analysis of HA cleavage sequences of Egyptian isolates revealed K/RSSR motifs, indicating low pathogenicity in chickens. Substitution of one or two serines at the C-terminus of HA1 with basic amino acids may increase the pathogenicity of the virus in poultry as described previously [46] . Low-pathogenic avian influenza viruses bearing the avirulent-type sequence RXXR have the potential to become highly pathogenic while circulating in chickens [29] . Egyptian H9N2 viruses possess basic amino acids at P1 and P4 and thus need minor mutations at P2 and P3 to acquire a polybasic site and become highly pathogenic. In the HA of nearly all of the isolates that we analyzed, two potential glycosylation sites were lost. Previous studies showed a relationship between the addition of glycosylation sites on the HA and a loss of H5N1 virulence as well as a decrease in receptor-binding specificity of H2 viruses [31] . Also, a change in the glycosylation pattern may represent an adaptation of H9N2 within poultry [4] .
Antigenic analysis of 17 Egyptian isolates showed the relationship of Egyptian H9N2 viruses to members of the G1 and G9 lineages. None of the Egyptian isolates reacted well with antiserum against A/quail/UAE/D1556/2011. HA analysis of this UAE isolate revealed that this virus was genetically distinct when compared to Egyptian viruses, which may explain the low reactivity of antibodies raised against this virus with Egyptian strains.
Among the H9N2 genes, the PB1-F2 and M2 genes seem to be under positive natural selection, but, as discussed by Holmes et al. [25] , this is probably due to the overlap of the PB1 and PB1-F2 ORFs (a shift of 1 nt compared with PB1 ORF) and therefore is likely to represent an artifact [25] . Our analysis indicated that H9N2 viruses in Egypt possess several genetic markers that enhance virulence in poultry and transmission to humans. This was previously shown in other studies in which Egyptian H9N2 viruses were analyzed [2, 3, 38] . However, these studies were based on the analysis of the full or partial genome of a single strain [2, 3] or a small number of completely sequenced viruses [38] . Our analysis included a larger number of viruses isolated over a longer period of time and included more-detailed analysis.
In a country where H5N1 is enzootic and causes human cases, circulation of H9N2 may hinder H5N1 control efforts and increase the burden on human health. Thus, monitoring the genetic and antigenic signatures of circulating avian influenza viruses by active surveillance programs are needed to obtain more information on the virulence and antigenic properties of the new strains in avian and mammalian hosts.
